While it is always possible that ''hidden'' deterministic factors were missed, the fact that the same inputs generated distinct outputs is a hallmark of stochasticity.
By cementing stochasticity as a driver of HIV latency, this study may force a reevaluation of clinical attempts to purge the latent reservoir. First, it appears that the size of the latent reservoir has been underestimated, perhaps substantially. This is because previous studies assumed that, upon cellular activation, any noninduced viruses would be defective rather than latent. More critically, in presuming that cellular activation induces all latent viruses, many thought that the latent population could be deterministically purged. Touting an intervention known as ''shock and kill,'' the idea was to first activate (''shock'') patient cells to induce all latent virus. Standard antiretroviral therapy would then purge (''kill'') the reactivated viruses, leaving a patient HIV-free. Unfortunately, it now appears that even the most potent ''shocks'' only reactivate a subset of the latent viruses. Perhaps repeated shocking will be more effective, but each repetition might just be another stochastic roll of the dice. Some virus will likely always emerge latent.
For basic virology, these findings raise the striking possibility that stochastic latency evolved to provide retroviruses like HIV with a bet-hedging fitness advantage. This would represent a paradigm shift in retrovirology where latency is currently viewed as a host-driven epiphenomenon with no evolutionary role in the natural history of infection. Viewing latency as an advantageous evolutionary fate decisionmuch as bacterial persistence and phage lysogeny are viewed-might explain why HIV Tat expression is exceptionally noisy, so noisy that Tat fluctuations alone are sufficient to drive a latency decision in nontransitioning cells (Weinberger et al., 2005 qualitative and quantitative feature of many signaling pathways is the formation of higher-order signaling complexes called signalsomes ( Figure 1A ). The inherent cooperativity in the assembly of signalsomes ensures reliability in signal transmission and interpretation by balancing signal intensity and filtering noise (Wu, 2013) . The realization that cooperativity plays the central role in regulation of transcription by licensing the formation of transcriptionally competent complexes provides a clue of how the intrinsically stochastic process of transcription can give rise to highly precise outputs, as in development (Magklara and Lomvardas, 2013). Stochastic variation is a general feature of transcription, and the question of how transcription can be coordinated to establish precise genetic programs remains elusive. One way to minimize the inherent biochemical noise and generate robust transcriptional outputs that faithfully respond to extracellular signals is to assemble multigene complexes of coregulated genes in topologically confined specialized nuclear regions. In such regions, physical considerations like enhancer-promoter communications, transcription factor binding, chromatin accessibility, etc. can be accurately controlled, and the inherent noise would be regulated in the three-dimensional epigenetic landscape (Figures 1A and 1B) . Multigene complexes would share critical transcriptional regulators within defined chromosomal domains and/or nuclear compartments and therefore should minimize the variability of expression from gene to gene while becoming more stochastic from cell to cell.
In this issue of Cell, Fanucchi et al. provide an unexpected purpose for the necessity of chromosomal contacts between coregulated genes by demonstrating that the assembly of multigene complexes instructs transcriptional (A) TNF-a treatment triggers the assembly of signalsomes, which in turn activate NF-kB, leading to its nuclear translocation. Nuclear NF-kB is captured by NF-kB reception centers (NRCs), which deliver the factor to the SAMD4A promoter via stochastic interchromosomal interactions. NF-kB together with other factors recruits RNA Pol II, thus leading to activation of transcription.
(B) Although they reside in the same TAD with SAMD4A, TNFAIP2 and SLC6A5 genes cannot recruit transcriptional regulatory proteins on their own. The transcriptionally competent SAMD4A locus recruits TNFAIP2, and SLC6A5 is recruited to SAMD4A by TNFAIP2.
(C) Disruption of the SAMD4A locus integrity abrogated multigene complex assembly and the expression of both TNFAIP2, whereas SAMD4A expression remains unaffected, with its transcripts elongating up to the break point.
(D) Disruption of the TNFAIP2 gene loop abrogates its interactions with SAMD4A and SLC6A5, as well as the expression of both TNFAIP2 and SLC6A5, and SAMD4A expression remains unaffected.
(E) Disruption of the SLC6A5 gene loop abrogated its interaction with the SAMD4A/SLC6A5 gene complex, causing a dramatic reduction of its expression. The expression of SAMD4A-and TNFAIP2-interacting genes remains unaffected.
hierarchy between its members (Fanucchi et al., 2013) . Tumor necrosis factor alpha (TNF-a) induces the rapid expression of several hundred genes in HUVEC primary cells, including among others the SAMD4A, TNFAIP2, and SLC6A5 genes, all of which are regulated by NF-kB and form a tight signal-dependent multigene complex through intra-and interchromosomal interactions between specific gene segments (Papantonis et al., 2010 (Papantonis et al., , 2012 . Prior to induction, the genes are localized in close proximity, but not in physical association, in a so-called topologically associated domain (TAD) but only in a small fraction of cells in the population. It would seem likely that these are the same cells expressing the three tightly associated genes upon TNF-a induction since assembly of the multigene complex is a rare phenomenon in the population, and as a consequence, only few cells can express all three genes. This is not the first time when stochastic NF-kB-dependent gene expression has been linked to rare interchromosomal interactions. The stochastic virus-induced expression of the human IFN-b gene involves interchromosomal associations between IFN-b and three distinct loci termed NF-kB reception centers (NRCs), which have been suggested to deliver NF-kB to the IFN-b promoter via direct chromosomal contacts (Apostolou and Thanos, 2008) . Fanucchi et al. tested directly the role of chromosomal associations in coordinating gene expression by disrupting the multigene chromatin loops via doublestranded breaks, introduced at the sites of chromosomal interactions by specific TALENs (Sanjana et al., 2012) . The findings were unexpected, as they revealed a hidden transcriptional hierarchy code. More specifically, though it did not affect its expression, disruption of the SAMD4A gene loop dramatically reduced the expression of both TNFAIP2 and SLC6A5 and abrogated their interactions with SAMD4A ( Figure 1C) . Disruption of the TNFAIP2 chromatin loop had no effect on SAMD4A transcription, but it eliminated SLC6A5 transcription and the assembly of the multigene complex (Figure 1D) . Thus, TNFAIP2 expression depends on its interaction with SAMD4A, but it is independent of SLC6A5. Remarkably, disruption of the SLC6A5 gene loop eliminated its expression and abrogated its participation in the multigene loop structure but had no effect on the interaction and expression of SAMD4A and TNFAIP2 ( Figure 1E ). The dominant role of SAMD4A in this hierarchy pyramid is also evident by the frequent existence of cells expressing SAMD4A only, thus underscoring the stochastic nature of SAMD4A-dependent recruitment of TNFAIP2 and SLC6A5. The authors also showed that the coregulated expression and assembly of the multigene complex can be restored by repairing the loop integrity in a sequence-independent manner.
There are two remarkable conclusions arising from this study. The first is that the assembly of this multigene complex is critical for the establishment of a hierarchy in gene expression of coregulated genes, where the expression of one gene depends on its interaction with the second and so forth. The second and perhaps more interesting implication is that the stochastic response to TNF-a is preprinted in unique genomic connectivities, occurring only in ''special'' cells that contain the interacting loci in proximity. What is the biochemical basis for the transcriptional hierarchy? It should be noted that the hierarchical interactions should precede transcription, thus implying that multigene complex assembly is a prerequisite for transcriptional activation. We propose that the dominant SAMD4A gene lies in a nuclear domain, where it can associate with the NRCs and can therefore receive NF-kB and initiate transcription independently of the status of the other two genes. By contrast, the TNFAIP2 and SLC6A5 genes cannot interact with the NRCs directly and remain unoccupied by NF-kB ( Figure 1A ). However, both genes are recruited to the NF-kB-rich NRC region by SAMD4A with a defined order. Transcriptionally primed SAMD4A works as a scaffold to recruit TNFAIP2, whereas SLC6A5 is recruited to SAMD4A by TNFAIP2. It could be that the high local concentration of transcriptional regulators and RNA Pol II facilitate the recruitment process by setting up the order. It would be interesting to know whether the relative affinity of transcription factors and/or other transcriptional regulatory proteins, as well as the chromatin architecture, impose the hierarchy in the order of assembly of the multigene complex. This type of interaction reminds us of the stepwise assembly of the basal transcriptional complex and provides a molecular paradigm of epistatic chromosome interactions (Li et al., 2012) . It is difficult to envision that these highly ordered macromolecular interactions can occur simultaneously and efficiently in every cell, and thus at any given population, only some cells can accommodate all of these interactions. Thus, it is reasonable to assume that the assembly of the multigene complex will take place in a particular pool of cells only, which is able to rapidly relocate the participating genes and establish the appropriate chromosomal connections, fueled by small-scale stochastic chromosome movements occurring within a TAD.
Taken together, these and other data raise a number of important questions that need to be addressed. For example, what is the molecular basis for the establishment of the ordered recruitment of TNFAIP2 and SLC6A5 to the SAMD4A locus? What are the proteins and the DNA elements involved? As the expression of many more genes is being studied at the single-cell level, we anticipate that transcriptional hierarchies in multigene complexes would be more common than originally thought. We propose that such a mechanism combines the advantages of stochastic gene expression with highly defined and robust transcriptional responses. In summary, cell activation leads to a cascade of multiprotein and multigene assemblies, from signalsomes to enhanceosomes and chromatin-modifying machines, culminating with the assembly of multigene complexes from different chromosomes and the assembly of basal transcription complexes in individual genes. This mode of information flow ensures that stochastic molecular interactions are canalized to produce specific and reliable outputs.
Protein degradation by the ClpXP protease requires collaboration among the six AAA+ domains of ClpX. Using single-molecule optical tweezers, Sen et al. show that ClpX uses a coordinated succession of power strokes to translocate polypeptides in ATP-tunable bursts before reloading with nucleotide. This strategy allows ClpX to kinetically capture transiently unfolded intermediates.
ClpX, a member of the AAA+ superfamily, is a homomeric hexamer that harnesses nucleotide hydrolysis-dependent conformational changes to promote unfolding of engaged substrate proteins. ClpX forms a stacked-ring complex with ClpP and catalyzes degradation of intracellular proteins. The ATP-dependent reaction cycle begins with binding of the N or C terminus of the substrate within the axial channel of ClpX, after which ClpX repetitively pulls on the polypeptide chain, causing the protein to unfold and then processively translocates it through the channel into the degradation chamber of ClpP. In this issue of Cell, Sen et al. (2013) monitored the activity of single molecules and found that ClpX orchestrates its ATP use to drive unfolding of stable proteins.
Proteases like ClpXP face thermodynamic and kinetic challenges in assisting a substrate in navigating the energy landscape between native and unfolded states and then over the entropic barrier for translocation through the narrow pore in the hexamer. Single-molecule studies (Aubin-Tam et al., 2011; Maillard et al., 2011) have shown that the ClpX AAA+ machine performs mechanical work in overcoming these energy barriers, translocating a polypeptide against an opposing force and delivering a power stroke capable of unfolding stable domains.
The structure of ClpX provides a physical model for power stroke delivery in which nucleotide binding and hydrolysis lead to switching between subunit conformational states that is accompanied by a displacement of a conserved axial loop known to directly engage substrate proteins (Glynn et al., 2009 ). Movement of the central channel loop can deliver a power stroke estimated to be 5 kT, corresponding to the force of 20 pN applied during an 1 nm displacement. By measuring translocation velocities using ATP, ADP, and phosphate concentrations, Sen et al. (2013) marshal a convincing argument that phosphate release, which is essentially irreversible under the experimental conditions, is the major force-generating step. The absence of a direct role for ATP binding in the force delivery step fits well with findings (described below) that translocation steps occur in bursts of 2 to 4, which are envisioned as resulting from rapid-fire ATP hydrolysis and phosphate release triggered after 2-4 ATPs are loaded on ClpX.
Because the central channel loop moves 1 nm, 2-4 nm bursts represent the sum of multiple subunits acting in quick succession. Sen et al. (2013) found that burst size distributions depended on the concentration of ATP. The largest burst size was 4 nm, which correlates with findings that a maximum of four ATPs bind to ClpX hexamers (Hersch et al., 2005) and with single turnover studies showing that hydrolysis of four ATPs provide maximum activity of ClpXP (Martin et al., 2008) . Using a competitive inhibitor of ATP binding, Sen et al. (2013) observed that three of the four ATP sites had to be blocked in order to stall translocation, meaning that just two functional sites per ring are sufficient to catalyze translocation and produce rapid 2 nm bursts. The prevalence of 2-4 nm bursts during single-molecule translocation suggests that ClpX must coordinate ATP hydrolysis and/or the accompanying
